Cation diffusion facilitator (CDF) proteins are ubiquitous divalent cation transporters that have been proved to be essential for metal homeostasis and tolerance in Archaebacteria, Bacteria, and Eukaryota. In plants, CDFs are designated as metal tolerance proteins (MTPs). Due to the lack of genomic resources, studies on MTPs in other plants, including cultivated crops, are lacking. Here, the identification and organization of genes encoding members of the MTP family in cucumber are described. The first functional characterization of a cucumber gene encoding a member of the Mn-CDF subgroup of CDF proteins, designated as CsMTP8 based on the highest homology to plant MTP8, is also presented. The expression of CsMTP8 in Saccharomyces cerevisiae led to increased Mn accumulation in yeast cells and fully restored the growth of mutants hypersensitive to Mn in Mn excess. Similarly, the overexpression of CsMTP8 in Arabidopsis thaliana enhanced plant tolerance to high Mn in nutrition media as well as the accumulation of Mn in plant tissues. When fused to green fluorescent protein (GFP), CsMTP8 localized to the vacuolar membranes in yeast cells and to Arabidopsis protoplasts. In cucumber, CsMTP8 was expressed almost exclusively in roots, and the level of gene transcript was markedly up-regulated or reduced under elevated Mn or Mn deficiency, respectively. Taken together, the results suggest that CsMTP8 is an Mn transporter localized in the vacuolar membrane, which participates in the maintenance of Mn homeostasis in cucumber root cells.
Introduction
The proteins of the cation diffusion facilitator (CDF; TC 2.A.4) family are ubiquitous membrane transporters identified in all living organisms which participate in the efflux or sequestration of divalent cations within the apoplast or intracellular compartments (Nies and Silver, 1995; Anton et al., 1999; Delhaize et al., 2003; Hall and Williams, 2003; Nies, 2003; Kambe et al., 2004; Grass et al., 2005) . In plants they are designated as metal transport proteins (MTPs), whereas in mammals CDF proteins are known as zinc transporters (ZnTs). Most of the CDF proteins characterized in detail are H + (K + )-coupled secondary transporters of different metal cations with ionic radii of 72 pm (Zn 2+ ) to 97 pm (Cd 2+ ) (Guffanti et al., 2002; MacDiarmid et al., 2002; Nies, 2003; Chao and Fu, 2004; Grass et al., 2005) . The initial phylogenetic and functional analyses of representative CDF members from Archaea, Eubacteria, and Eukaryotes allowed for the identification of three major substrate-specific groups within the family: Zn-CDF, Mn-CDF, and Zn/Fe-CDF . The further phylogenetic analysis of plant CDF members from Viridiplantae and Rhodophyta (land plants) genomes revealed that all plant MTPs are organized in seven primary groups, G1, G5, G6, G7, G8, G9, and G12, which emerged prior to or simultaneously with land plant evolution (Gustin et al., 2011) .
Most of the CDF transporters possess six putative transmembrane domains (TMDs), with N-and C-termini localized in the cytoplasm and a histidine-rich region either between TMDs IV and V or within the N-or C-termini (Paulsen and Saier, 1997; Anton et al., 1999; Wei and Fu, 2006) . However, the subgroup of manganese CDFs in plants (Mn-CDFs) shows a predicted 4-5 TMD homology and lacks the histidine-rich domain (Maser et al., 2001; Delhaize et al., 2003) and some human and yeast CDFs are predicted to have 12-15 TMDs (Li and Kaplan, 2001; Cragg et al., 2002; Kambe et al., 2002) . The improved tentative signature for CDF proteins covers the second TMD, the following cytosolic loop, and the start of the third TMD .
Although bacterial and mammalian CDFs have been widely characterized, only a few members of plant MTPs have been studied in detail. It has been well evidenced that proteins of the MTP family participate in the vacuolar compartmentalization as well as in the efflux of heavy metals from the cells of plant hyperaccumulators, showing the capacity for uptake and storage of elevated levels of metals in their aerial organs. In the genome of the Ni hyperaccumulator Thlaspi goesingense, several allelic variants of the TgMTP1 gene are present, all of which confer resistance to Zn in yeast mutants deficient in ZnTs (zrc1cot1) (Kim et al., 2004) . In addition, yeast cells expressing TgMTP1 are more resistant to elevated Cd, Co, and Ni (Persans et al., 2001) . Interestingly, TgMTP1 may contribute to both metal efflux across the plasma membrane and metal sequestration within vacuoles, since the protein localized to the plasma membrane of Arabidopsis cells and to the plasma membrane and vacuolar membrane of yeast (Kim et al., 2004) . The zinc hyperaccumulator Arabidopsis halleri harbours five gene copies of MTP1 (Shahzad et al., 2010) . Though all the transcripts confer more (AhMTP1-A1 and AhMTP1-A2) or less (AhMTP1-B, -C, and -D) increased tolerance to Zn in yeast deficient in zinc transport, only AhMTP1-A and AhMTP1-B appear to be crucial for increased tolerance of A. halleri to elevated Zn concentrations (Willems et al., 2007; Shahzad et al., 2010) . In both hyperaccumulators, T. goesingense and A. halleri, the transcripts of MTP1 genes (TgMTP1, AhMTP1-A, and AhMTP1-B) are much more abundant in comparison with the level of mRNA of their single-copy orthologues in Arabidopsis thaliana (Persans et al., 2001; Shahzad et al., 2010) . In contrast to T. goesingense and A. halleri, the member of the MTP family in the legume hyperaccumulator Stylosanthes hamata has been shown to localize in the tonoplast of Arabidopsis cells. Overall evidence suggests that ShMTP8 is involved in the enhanced H + -coupled Mn sequestration within vacuoles of S. hamata cells and thus confers plant resistance to environmental Mn excess (Delhaize et al., 2003) . Members of the MTP family are also considered as essential contributors to Brassica juncea increased tolerance to heavy metals. Based on the yeast complementation assay and transcriptional profile of genes encoding the recently identified cation efflux transporters of B. juncea, it may be suggested that three MTP proteins-BjCET2, BjCET3, and BjCET4-may be involved in the efflux of Zn, Cd, Co, and Ni from plant cells and thus play a substantial role in plant resistance to heavy metal stress (Xu et al., 2009; Lang et al., 2011) .
It is assumed that in non-hyperaccumulator MTP transporters probably contribute to the basic metal tolerance, allowing the adjustment of heavy metal homeostasis in the cytoplasm within narrow concentration ranges (Clemens, 2001; Clemens et al., 2002) . In the genome of the model plant A. thaliana, 12 genes encoding putative MTP transporters have been identified, despite none of the A. thaliana accessions exhibiting naturally selected metal tolerance (Cho et al., 2003; Becher et al., 2004) . Nevertheless, only three Arabidopsis MTPs have been characterized in detail. AtMTP1 and AtMTP3 belonging to the CDF-Zn group have been localized to the tonoplast membrane in yeast and plant cells and proved to be involved in Zn and/or Co sequestration within plant cell vacuoles (Kobae et al., 2004; Desbrosses-Fonrouge et al., 2005; Arrivault et al., 2006) . In contrast, AtMTP11, a close orthologue of ShMTP8, localizes to trans-Golgi or prevacuolar organelles of plant cells and determines the cellular Mn homeostasis (Delhaize et al., 2007; Peiter et al., 2007) .
Due to the lack of genomic resources, only single MTP members have been studied in other non-hyperaccumulating plants. MTP1 transporter from hybrid poplar Populus trichocarpa×Populus deltoides localizes to the tonoplast membrane and, similarly to AtMTP1, participates in vacuolar Zn sequestration, whereas rice MTP1 protein resides at the plasma membrane and displays broader affinity for heavy metals, contributing to the active Zn, Cd, and Ni efflux into the apoplast of plant cells (Blaudez et al., 2003; Yuan et al., 2012) . A very recent study revealed that the rice gene OsMTP8.1 encodes a tonoplast-localized Mn transporter which confers Mn tolerance through the sequestration of Mn into vacuoles of rice shoot cells (Chen et al., 2013) . Nevertheless, studies on members of the plant MTP family in non-model plant organisms are still lacking.
Since CDF proteins in bacteria, yeast, mammals, and humans proved to be important for the homeostasis of vital metals within the cells, and plants are an essential source of microelements for animals and humans, further studies of MTPs in cultivated crops could provide strategies for bioremediation and human nutrition and health (Hall and Williams, 2003; Nies, 2003; Kambe et al., 2004) . After tomatoes, cabbage, and onions, cucumbers are the fourth most widely cultivated vegetable crop in the world (Shetty and Wehner, 2002) . During the last 2 years, the genomes of three cucumber genotypes have been sequenced, including the North American pickling type inbred line Gy14 (http://cucumber.vcru.wisc. edu/), the Chinese long inbred line 9930 (Huang et al., 2009) , and the northern European cultivar Borszczagowski line B10 (Woycicki et al., 2011) . The genomic sequences of the two latter cultivars have been deposited in the GenBank database under the accession nos ACHR0100000 (Chinese long) and ACYN01000000 (Borszczagowski). In the present study, the features and phylogeny of cucumber genes encoding putative proteins of the MTP family that have been retrieved through the survey of two cucumber genomic databases are presented. The localization and function of CsMTP8, one of the three cucumber MTPs homologous to members of the Mn-CDF (MTP8-MTP11) subgroup of plant MTPs, are also described. This work presents the first functional characterization of an MTP8-like protein in a non-hyperaccumulator dicot plant and the first survey of the MTP family in cucumber.
Materials and methods

Plant material and growth conditions
Cucumber plants (var. Krak) were grown hydroponically as previously described . The nutrient solution was continuously aerated and exchanged twice a week. For organ expression analyses, particular organs of 2-week-old seedlings (roots, hypocotyls, cotyledons, petioles, and leaves) were collected separately and immediately frozen in liquid nitrogen. For shortterm manganese treatment, 2-week-old plants were transferred on nutrient solution, pH 5.5, containing 50 μM MnSO 4 for 10 h. For long-term Mn stress, plants were grown for 2 weeks on the nutrient solution, pH 5.5, with Mn deprivation. For each treatment, four organ samples of 100 mg from four different plants were taken for RNA extraction and immediately frozen in liquid nitrogen before storage at -80 °C.
Arabidopsis thaliana ecotype Columbia were grown in a phytotron with 16/8 h photoperiod at 250 μmol m −2 s −1 and 23 °C (day)/22 °C (night). Following the stratification of seeds for 3 d at 4 °C, plants were grown on soil (to obtain and propagate plants transformed with CsMTP8 or with empty vector) or on a halfstrength Murashige and Skoog (MS) medium (pH 5.8; Sigma, St. Louis, MO, USA), liquid or supplemented with 5 g l −1 Phytagel (Sigma). For the growth tests, the solid MS medium was additionally supplemented or not with 4 mM MnSO 4 .
Expression of CsMTP8 in yeast
The following Saccharomyces cerevisiae strains were used in this study: K667 (cnb1::LEU2 pmc1::TRP1 vcx1Δ), from Cunningham and Fink (1996) and isogenic to W303-1A (Wallis et al., 1989) ; and zrc1Δ (ZRC1::kanMX4), cot1Δ (COT1::kanMX4), and pmr1Δ (PMR1::kanMX4) all from Euroscarf (Germany), and isogenic to BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) (Brachmann et al., 1998) .
For synthesis of cDNAs, total RNA isolated from 2-week-old cucumber roots was transcribed using Superscript III RNase H reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and an oligo(dT) primer. For the growth and localization assays, two expression vectors were used: pUG35 and pUG36 (Niedenthal et al., 1996) , which enable the expression of CsMTP8-geen fluoresent protein (GFP) or GFP-CsMTP8 fusion proteins in yeast, respectively. The full-length cDNA of CsMTP8 was amplified using Phusion polymerase (New England BioLabs) with the primers introducing EcoI and SalI sites (underlined): forward 5′-AAAGAATTCGATGGAGATTCGGATTTGAGTCCGAA-3′ and reverse 5′-TTTGTCGACTTAGGGCTGAGTGTTTGGTAAC CTG-3′ for ligation to pUG36 and forward 5′-AAAGAATTCA TGGATGGAGATTCGGATTTGAGTCCGAA-3′ and reverse 5′-T TTGTCGACGGGCTGAGTGTTTGGTAACCTG-3′ for ligation to pUG35. The plasmids were introduced into yeast by the LiOAc/ PEG method (Gietz and Schiestl, 2007) . The expression level of the fusion protein was regulated by adding methionine to the media. The transformants were grown at 30 °C on plates containing a synthetic complete medium consisting of yeast nitrogen base (Difco) without uracil, supplemented with amino acids and 2% glucose (SC-U/Glu, pH 7.0), and viewed using a confocal microscope (Olympus FluoView FV1000). For overexpression of CsMTP8 in yeast, the full-length cDNA of CsMTP8 was amplified using Phusion polymerase with the primers introducing CACC at the 5′ end of the amplicon (underlined): forward 5′-CAC CATGG ATGGAGATTCGGATTTGAGTCC-3′ and reverse 5′-GGGCT GAGT GTTTGGTAACCTG-3′. Following amplification, the cDNA was ligated into a Gateway entry vector pENTR/D-TOPO (Invitrogen) which was recombined with the pYES/DEST52 expression vector through the LR reaction (Gateway system, Invitrogen) to obtain the pYES/DEST52-CsMTP8 vector expressing CsMTP8 tagged with the V5 epitope. The assays of CsMTP8 overexpression were performed under the control of the GAL1 promoter in a standard minimal medium (SC-U) supplemented with amino acids and 2% galactose.
Yeast growth assay
Yeast strains transformed with pUG36-CsMTP8 or pUG36 were grown in liquid SC-U/Glu medium (pH 7.0) supplemented with amino acids up to the stationary phase. For the drop assay, four 10-fold serial dilutions were prepared in the same sterile medium for each culture, and 5 μl of each dilution was spotted onto SC-U/ Glu plates supplemented with amino acids (-Met) and different concentrations of ZnSO 4 , CdCl 2 , CoCl 2 , MnSO 4 , or NiCl 2 . The control drop assay was performed on the solid YPD medium. For liquid growth assay, 25 ml of SC-U medium supplemented with amino acids (-Met) and 2% glucose containing 5 mM MnSO 4 was inoculated with yeast cells to obtain the initial OD 600 of 0.2. Cultures were incubated at 30 ºC and the OD 600 was measured in samples of 0.5 ml collected after 0, 4, 8, 12, 24, 36 , and 48 h.
Metal transport in yeast cells
To measure Mn uptake, the yeast cells growing exponentially in liquid SC-U medium [with 2% (w/v) glucose] supplemented with amino acids (-Met) were exposed to 5 mM MnSO 4 and collected at the time points indicated in the figures. The cells were washed in ice-cold water, pelleted by centrifugation, resuspended in water, and boiled for 10 min. The supernatant collected following the subsequent centrifugation of the boiled cells was used to determine the metal content of each sample by a flame atomic absorbtion spectrometer (AAS 3300, Perkin Elmer). The experiment was performed three times.
Tonoplast isolation from yeast, SDS-PAGE, and immunoblotting
Yeast cells transformed with plasmids carrying CsMTP8 or empty vectors were grown to the exponential phase in a standard minimal medium supplemented with amino acids (-Met) and 2% glucose (pUG36 vector) or 2% galactose (pYES/DEST52 vector). Crude membrane fractions were prepared from yeast cells essentially as described earlier (Norling, 2000) . Tonoplast membrane vesicles were separated from total microsomes using a two-step sucrose gradient (15%/35%) as previously described (Nakanishi et al., 2001) . To confirm the presence of CsMTP8 in yeast tonoplasts, the membranes were subjected to western blot analysis using the antibodies raised against GFP (pUG36 vector) or V5 (pYES/DEST52 vector). Crude membranes or tonoplast were subjected to SDS-PAGE (Laemmli, 1970) and then transferred to a nitrocellulose membrane (Millipore). After blocking with Blocking-reagent (Roth), the membrane was incubated with the primary antibodies raised against GFP (Roche) or V5 (Invitrogen). After repeated washing, nitrocellulose membranes were further incubated for 1 h with secondary antibodies conjugated to horseradish peroxidase (Agrisera) and visualized by staining with diaminobenzidene (DAB; Sigma-Aldrich).
Metal transport in yeast tonoplast membranes
The Mn 2+ uptake by tonoplast vesicles was measured as described earlier in two different assays: indirectly, using a spectrophotometer (Beckman DU®640) to measure the changes in acridine orange absorbance at 495 nm reflecting the Mn
2+
-induced H + movement across the membranes (assay I), and directly, by atomic absorbtion spectrometry, following the incubation of vesicles with metal and subsequent elution of intravescicular metal content with 3 M HCl (assay II). The uptake assay was performed in buffer containing 0.3 M sorbitol, 5 mM TRIS-MES (pH 7.6), 25 mM KCl, 0.1 mM sodium azide, 0.2 mM sodium orthovanadate, and 100 μg of vesicle protein. In addition, 5 μM acridine orange was included in the reaction medium of assay I. The V-ATPase-mediated generation of the transmembrane H + gradient was initiated by the addition of 1 mM MgSO 4 and 1 mM ATP to the reaction medium. After 3 min, the specific V-ATPase inhibitor bafilomycin (300 nmol) was used to stop ATP-energized H + translocation. After 3 min, different concentrations of MnSO 4 were added to the reaction to initiate Mn 
Transient expression of CsMTP8 in protoplasts
The full-length cDNA of CsMTP8 was amplified using Phusion polymerase (New England BioLabs) with the forward primer introducing a CACC site at the 5′ end (underlined), 5′-CACCATGGATGGAGATTCGGATTTGAGTCC-3′; and reverse primer, without a STOP codon, 5′-GGGCTGAGTGT TTGGTAACCTG-3′. The PCR product was ligated into the pENTR/D-TOPO vector (Invitrogen, Life Technologies, Grand Island, NY, USA) according to the manufacturer's instruction. Fusion proteins with GFP were produced by the recombination (LR reaction) of entry vectors pENTR/D-TOPO-CsMTP8 with destination vectors pMDC43 (N-terminal GFP) or pMDC83 (C-terminal GFP) (Curtis and Grossniklaus, 2003) using the Gateway system (Invitrogen). Transient expression experiments of GFP fusion proteins were performed on protoplasts isolated from A. thaliana cell suspensions prepared essentially as described earlier (Thomine et al., 2003) . Protoplasts containing the plasmids were incubated at 23 ºC for 2-3 d in the dark. Transformed cells were observed using an inverted Leica TCS-SP2 confocal laser scaning microscope (Leica Microsystems) with excitation at 488 nm, and the fluorescence emission signal of GFP was recovered between 500 nm and 525 nm.
Plant transformation
The binary construct pMDC43-CsMTP8 or empty plasmid pMDC43, harbouring a dual 35S Cauliflower mosaic virus (CaMV) promoter, were introduced into Agrobacterium tumefaciens GV3101 through electroporation. The Columbia ecotype of the wild-type line of A. thaliana (L.) Heynh. was subsequently transformed with use of A. tumefaciens by the floral dip method (Clough and Bent, 1998) . Primary generation transformed seeds were selected in half-strength MS medium, pH 5.8, containing 0.5% (w/v) Phytagel (Sigma) and 100 mg l -1 kanamycin. An average of 15-20 T 1 transgenic seedlings were obtained for each transformation and at least 10 were used for selecting T 2 transgenic plants resistant to kanamycin with a 3:1 ratio. Using primers specific for CsMTP8 (5′-GATTCA AGAT AAACCTTCTGAAAGTC-3′ and 5′-AGATCTTATCACCAAGAATAGCTG-3′), the two homozygous lines expressing CsMTP8 were selected based on PCR and real-time PCR (RT-PCR) analysis of the CsMTP8 transcript level in plants transformed with empty vector (control) or with vector carrying CsMTP8. The gene encoding tubulin AtTUB6 (At5g12250) was used as a reference control with the following primers: forward 5′-GGTGAA GGAA TGGACGAGAT-3′ and reverse 5′-GTCATCTGCAGTTGCGTCTT-3′.
The analysis of Mn content in A. thaliana
For the accumulation assay, 14-day-old A. thaliana plants grown on a half-strength solid MS medium were transferred for 4 d into liquid nutrition medium composed as described earlier (Morel et al., 2009 ), containing or not 50 μM MnSO 4 . Subsequently, plants were thoroughly rinsed with 10 mM EDTA and distilled water, dried, and mineralized in a microwave in HNO 3 . The amount of Mn in the samples was determined using a flame atomic absorbtion spectrometer (AAS 3300, Perkin Elmer).
RNA isolation, reverse transcription, and qRT-PCR
Total RNA was extracted from cucumber organs using TRIReagent according to the manufacturer's instructions (SigmaAldrich). Following digestion of the RNA samples with RNase-free DNase I (Fermentas), RNA was directly used in the one-step semiquantitative RT-PCR using the Titan One Step RT-PCR System (Roche) according to the protocol provided by the manufacturer (with 25 and 26 cycles and melting temperature 60 ºC for CACS and CsMTP8, respectively). In addition, RNA collected from roots was reverse transcribed into cDNA for qRT-PCR assays. Reverse transcription was performed on 2 μg of total RNA using random primers and a High Capacity cDNA synthesis Kit (Applied Biosystems). PCRs were performed using 2× SYBR Green Master Mix B (A&A Biotechnology) in a 96-well plate using Lightcycler 480 (Roche) in a total volume of 20 μl, containing 2 μl of 8-fold diluted cDNA template, 2 μl of each primer (10 μM), 4 μl of nuclease-free water, and 10 μl of 2× Master SYBR ® Green I B (A&A Biotechnology). The reaction conditions were as follows: 95 °C for 10 min followed by 45 cycles of 95 °C for 10 s, 60 °C for 10 s, 72 °C for 15 s. Samples without template were used as negative controls in the same PCR run for each primer pair. The analysis of dissociation curves and agarose gel electrophoresis of PCR products were performed to confirm the absence of non-specific by-products. Successive dilutions of the sample with the lowest Cp were used as a standard curve. The amplification efficiency for each primer pair was in a range 1.9-2.0. For each of the two independent RNA extractions, measurements of gene expression were obtained in triplicate. Specific primers for CsMTP8 (5′-GATTCAAGATAAACCTTCTGAAAGTC-3′ and 5′-AGATCTTATCACCAAGAATAGCTG-3′) were carefully designed using LighCycler Probe Design Software 2 (Roche) to amplify only a single PCR product. The gene encoding the clathrin adaptor complex subunit (CACS) was used as internal control with the following primers: 5′-TGGGAAGATTCTTATGAAGTGC-3′ and 5′-CTC GTCA AATTTACACATTGGT-3′. The stability of CACS expression under heavy metal stress was confirmed previously .
Protein determination
Protein was assayed according to Bradford (1976) .
Database searching, prediction and analysis of CsMTPs
The nucleic acid sequences of cucumber MTP proteins have been retrieved from GeneBank from whole-genome shotgun reads containing the assembly of the cucumber genome using 12 AtMTP cDNA sequences as the initial queries and BlastN with default parameters to obtain high-stringency search results (Tables 1, 2) . Protein sequence alignments and analysis were performed using ClustalW with Gonnet as protein weight matrix, and the phylogenetic trees were constructed with MEGA5.0 software (Tamura et al., 2011) using the maximum likelihood method with the bootstrap (1000 replicates).
Statistical analysis
Unpaired and paired Student's t-tests and analysis of variance (ANOVA; Excel) were used for statistical analyses. A GraphPad Prism program (GraphPad Software, Inc.) was used to fit the data directly to the Michaelis-Menten equation using non-linear regression and to display data with Lineweaver-Burk plots.
Results
Identification and features of cucumber MTPs
The distribution of genes encoding CsMTPs was analysed in two genomes of different cucumber cultivars. Using 12 A. thaliana cDNAs encoding AtMTP1-AtMTP12 as the query sequences, nine (Borszczagowski cultivar) and 11 (Chinese long cultivar) contigs among two cucumber wholegenome shotgun reads, which significantly matched with AtMTP genes, were selected (Tables 1, 2 ). The whole contigs were screened to identify the full putative genomic sequences of CsMTP genes including transcription start sites, exons, introns, and polyadenylation sites using the FGENESH tool (www.softberry.com). The tool also provided the full amino acid sequences of cucumber MTPs that were further subjected to phylogenetic analysis ( Fig. 1 ) using the previously annotated MTPs from A. thaliana, S. bicolor, P. trichocarpa, and O. sativa Gustin et al., 2011) and the nomenclature of the additional sets of MTPs from Z. mays, V. vinifera, and B. distachyon was assigned based on annotated MTP sequences from A. thaliana (Supplementary  Table S1 at JXB online). All CsMTPs were annotated based on the results of BLASTP searches against GenBank protein data sets using full cucumber MTPs and on the output of the phylogenetic analysis including MTPs from monocots and eudicots (Tables 1, 2 ; Fig. 1 ). The genomic organization of cucumber CsMTP genes newly identified in genomes of two cucumber cultivars is presented in Tables 1 and 2 . The average lengths of introns, exons, and their numbers in cucumber genes are almost the same for the line B10 and 9930 genomes, except for the genes encoding the proteins annotated as CsMTP1 and CsMTP4. In the genome of the 9930 line, two different contigs contain identical full-length cDNAs encoding CsMTP1 (ACHR01007740 and ACHR01031515). Similarly, other contigs of this line contain two identical genes encoding putative protein homologues to MTP4 (ACHR01007875 and ACHR01049518) ( Table 1 ). In comparison, only single contigs containing Fig. 1 . The phylogenetic relationships between the MTPs from monocot and eudicots plants. The analysis was performed using the maximum likelihood method with 1000 bootstraps in the MEGA5 software. Shaded blocks indicate seven plant-specific groups defined by Gustin et al. (2011) . (This figure is available in colour at JXB online.) genes encoding CsMTP1 (ACYN01001940) and CsMTP4 (ACYN01002902) were identified within the genome of line B10 (Table 2 ). All cDNAs encoding putative members of the cucumber MTP family are 1161-1587 bp long, except for CsMTP12, which is almost twice as long (2163 bp), like the MTP12 genes in other plants (Tables 1, 2 ). The genes encoding the three proteins CsMTP1, CsMTP4, and CsMTP12 do not contain intron sequences, whereas the number of introns in other CsMTP genes varies from five (CsMTP9 and CsMTP11) to 12-13 (CsMTP6 and CsMTP7) (Tables 1, 2 ). Phylogenetic analysis of the MTPs from monocots and eudicots including the novel cucumber MTPs confirms that plant MTPs are organized into seven different subgroups that are more or less closely related (Fig. 1) . The tree branches into two main clades: the first containing MTP1-MTP4 (G1), MTP5 (G5), and MTP12 (G12), and the second composed of MTP7 (G7), MTP6 (G6), MTP8 (G8), and MTP9-MTP11 (G9) (Fig. 1) . The first clade includes the proteins of the group designated as Zn-CDF Gustin et al., 2011) , whereas the second clade encompasses the Zn/ Fe-CDF and Mn-CDF groups of plant MTPs. Similar to the previous phylogenetic analysis of plant MTPs (Gustin et al., 2011) , the Zn/Fe-CDF group includes MTP6 and MTP7, whereas MTP8 and MTP9-MTP11 form the third Mn-CDF group. Until now, only members belonging to the Zn-CDF or the Mn-CDF group have been functionally characterized in plants. For each of the two groups, the conserved residues in TMDII and TMDV have been identified, according to Montanini et al. (2007) : the motif recognized in the proximity of TMDV contains the highly conserved aspartate and histidine or aspartate located four residues upstream from it, which could determine metal specificity of the cucumber proteins belonging to Zn-CDFs or to the Mn-CDFs, respectively (Supplementary Fig. S1 at JXB online). These conservative residues as well as the tentative signature sequence were identified within all cucumber MTP proteins with the exception of CsMTP7, for which the conservative motif specific for TMDV was not recognized (Supplementary Fig. S2 ).
Molecular features of CsMTP8
The CsMTP8 cDNA amplified by PCR on cDNA prepared from cucumber Krak was slightly different from the sequences generated by FGENESH from the genomes of cucumbers Borszczagowski and Chinese long. The PCRamplified CsMTP8 cDNA contained 18 additional nucleotides between nucleotides 369 and 388 ( Supplementary Fig. S3 at JXB online). As a result, the deduced amino acid sequence of MTP8 from cucumber Krak contained an additional amino acid sequence VLLLLK between amino acids 124 and 130 ( Fig. 2A) . Both the amplified nucleotide sequence of the cucumber gene CsMTP8 and the putative protein encoded by this gene are available in GenBank (accession no. JQ618099). The putative CsMTP8 is composed of 408 amino acids and possesses all the features common for Mn-CDF transporters including five putative TMDs, with a cytoplasmic N-terminus, a signature sequence between TMDs I and II, and two conservative motifs characteristic for MTP8-like transporters: DSLLD within the putative TMDII, and DHYFD within the cytosolic loop preceding TMDV (Fig. 2B) . The presence of the motifs characteristic for the Mn-CDF subgroup including the specific Mn transporters ShMTP8, AtMTP11, and OsMTP8.1 strongly suggests that CsMTP8 is a putative Mn transporter in cucumber.
Expression of CsMTP8 in yeast complements the manganese-sensitive phenotype
To investigate the cellular function of CsMTP8, the cucumber protein was expressed in S. cerevisiae yeast mutants lacking the endogenous metal transporters for Zn (zrc1), Co (cot1), and Mn (pmr1), and the strain highly sensitive to Ni, Mn, and Cd (cnb1 vcx1 pmc1) (Fig. 3A) . The ZRC1 gene encodes a tonoplast transporter that sequesters Zn into the vacuole (Kamizono et al., 1989; Li and Kaplan, 1998) ; hence the deletion of this gene renders the mutant highly sensitive to Zn (Fig. 3A) . Cot1 mediates the efflux of Zn and Co into the vacuole of yeast cells; hence the deletion of the COT1 gene renders the mutants hypersensitive to both metals (Conklin et al., 1992; Li and Kaplan, 1998; Lyons et al., 2000) . Pmr1 is an ATP-dependent yeast secretory pathway pump responsible for transporting Ca 2+ and Mn 2+ ions into the Golgi, which is the major pathway for eliminating toxic Mn 2+ involved in the detoxification of yeast cells from Mn excess; loss of PMR1 renders the cells extremely sensitive to Mn 2+ toxicity (Lapinskas et al., 1995; Ton et al., 2002; Kellermayer et al., 2003) . The cnb1 vcx1 pmc1 strain (K667) lacks the endogenous vacuolar Ca 2+ -ATPase Pmc1, the regulatory calcineurin subunit Cnb1p, and the vacuolar calcium and manganese antiporter Vcx1, and thus is defective in vacuolar Ca 2+ and Mn 2+ transport and highly sensitive to Cd or high Ca 2+ and Mn 2+ concentrations (Cunningham and Fink, 1996; Pittman et al., 2004) . In a preliminary assay, the cnb1 vcx1 pmc1 strain appeared to be hypersensitive to increased Ni concentration, probably as a result of the inactive vacuolar Mn 2+ /Ca 2+ /Cd 2+ transporter Mnr1 (Vcx1). Only the Mn-sensitive phenotype of the pmr1 and cnb1 vcx1 pmc1 mutants was fully rescued by CsMTP8, suggesting that cucumber protein is a highly specific Mn transporter and functional calcineurin is not required for CsMTP8 activity (Fig. 3A-C) . When the wild type and K667 mutant were exposed to 5 mM Mn 2+ , CsMTP8-expressing cells accumulated significantly more Mn 2+ than control cells over the initial 4 h of exposure (Fig. 3C) , suggesting that CsMTP8 detoxifies yeast cells by internal sequestration of Mn 2+ rather than through an efflux of Mn 2+ to the external medium. Indeed, the subcellular localization of cucumber proteins in yeast used for growth tests in metal-enriched media confirmed the presence of CsMTP8 in the intracellular compartments and not in the plasma membrane. When C-terminal (Fig. 4A) or N-terminal (Fig. 4B ) GFP CsMTP8 fusion proteins were expressed from a pUG36 or pUG35 vector, respectively, the fluorescence was observed only in the endomembranes of yeast cells. The western blot assay with the antibody raised against GFP clearly confirmed the presence of CsMTP8 in the vacuolar-enriched membrane vesicles isolated from the K667 strain expressing the chimeric protein GFP-CsMTP8 (Fig. 4C) . In yeast expressing GFP-CsMTP8, the cucumber protein of ~45 kDa was present in homodimeric form (~90 kDa) (Fig. 4C) . In the cells overexpressing V5-(GKPIPNPLLGLDST) tagged CsMTP8 fusion protein, two forms of the transporter (monomeric and dimeric) were detected (Fig. 4D) .
To confirm that the Mn 2+ resistance phenotype observed in Δpmr1 and K667 strains expressing CsMTP8-GFP resulted from the increased accumulation of Mn 2+ ions within the vacuole, the Mn 2+ /H + transport activity was measured in the vacuolar membrane vesicles isolated from the K667 strain lacking the endogenous vacuolar Mn transporter Vcx1. The uptake of Mn into the membranes was measured using two different methods: indirectly, with acridine orange as the pH-sensitive probe reflecting Mn-induced H + fluxes across the tonoplast; and directly, with an atomic absorption spectrophotometer. The proton motive force was generated using tonoplast V-ATPase, and all experiments were performed in the presence of vanadate in order to inhibit any P-ATPase, which could contaminate the tonoplast preparation. Significant Mn 2+ /H + exchange activity was observed in vesicles from CsMTP8-expressing K667 (Fig. 5A, C) but was absent in the strain that was expressing empty vector alone (Fig. 5B, C) . H + -coupled Mn transport was inhibited in the presence of the protonophore gramicidin (data not shown) and was dependent on the concentration of Mn added to the tonoplast vesicles (Fig. 5A, C) . The first acridine orange absorbance change induced by Mn was observed (Fig. 5A) . Hence, the phenomenon of Mn transport into tonoplast vesicles from CsMTP8-expressing K667 cells exhibited saturation kinetics with an apparent K m of ~2.5 ± 0.6 μM (Fig. 5D ).
CsMTP8 localizes to the vacuolar membrane of plant cells
The subcellular localization of cucumber protein in plants was assayed using A. thaliana cells as the plant heterologous expression system. To analyse the localization of cucumber protein in Arabidopsis cultured cells, transition transformants of protoplasts were generated using vectors encoding CsMTP8 fusion proteins tagged with GFP at the N-or C-terminus under the constitutive 2 × 35S promoter. In protoplasts transformed with GFP-CsMTP8 (Fig. 6A) and CsMTP8-GFP (Fig. 6B) , the GFP signal was clearly detected in the vacuolar membrane. The data clearly indicate that CsMTP8 is primarily localized to the tonoplast of plant cells.
The expression of CsMTP8 is root specific and regulated by manganese
Two independent assays for expression analysis, semi-quantitative PCR and RT-PCR, revealed that the expression of CsMTP8 occurs predominantly in cucumber roots (Fig. 7A) . In order to determine further the function and regulation of CsMTP8, the effect of Mn stress (elevated Mn or Mn deficiency) on the level of CsMTP8 mRNA was investigated.
Compared with plants grown under control conditions, root MTP8 transcript levels were increased in response to Mn excess (>2-fold increase) and reduced upon Mn deficiency (2-fold decrease) (Fig. 7B) . The Mn-dependent changes in CsMTP8 expression suggest that the protein encoded by this gene may be engaged in increased or decreased Mn accumulation within the vacuoles of cucumber roots cells under Mn excess or deficiency, respectively.
Expression of CsMTP8 in Arabidopsis confers Mn
2+ tolerance
To determine whether the enhanced expression of CsMTP8 may be responsible for the enhanced Mn accumulation in the vacuoles leading to the increased Mn tolerance in plants, GFP-CsMTP8 was expressed in A. thaliana. To test the effect of Mn excess on the Mn accumulation and plant growth, two independent homozygous lines were used with confirmed expression of the CsMTP8 gene (Fig. 8A) , whereas plants transformed with the empty vector were used as a control. A 4 d exposure of plants to increased MnSO 4 concentration resulted in the enhanced accumulation of Mn in two lines expressing CsMTP8 (Fig. 8B) . In comparison, plants transformed with empty vector accumulated significantly less Mn in their tissues (Fig. 8B ). In addition, the expression of the cucumber gene in Arabidopsis conferred increased Mn 2+ tolerance (Fig. 8C) . Compared with controls, the lines expressing CsMTP8 was more tolerant to Mn excess since their growth was not disturbed by the presence of toxic Mn in the nutrition medium (Fig. 8C) . In contrast, the seedlings transformed with the empty vector grew poorly in toxic Mn 2+ concentrations (Fig. 8C) . Since CsMTP8 localizes in the vacuolar membrane of A. thaliana protoplasts, it may be suspected that the increased Mn accumulation and resistance phenotype of plants expressing CsMTP8 results from the CsMTP8-mediated transport of Mn into the vacuoles of the transformant cells.
Discussion
The MTP family in cucumber is represented by nine proteins
It has been previously shown that the representative members of the CDF family from all living kingdoms (Archaea, Eubacteria, and Eukaryotes) show partition into three major functional groups: Zn-CDF, Zn/Fe-CDF, and Mn-CDF Migeon et al., 2010) . Members of each group have been found in cucumber (Tables 1, 2 ). According to Gustin et al. (2011) , CsMTP1, CsMTP4, CsMTP5, and CsMTP12 represent the Zn-CDF group, CsMTP6 and CsMTP7 form the Zn/Fe-CDF group, and the remaining CsMTP8-CsMTP11 belong to the Mn-CDFs (Fig. 1) . The most recent estimation of the phylogeny of CDF proteins including more sequences from Viridiplantae and Rhodophyta confirmed that these metal transporters group into three primary clades, consistent with the previously defined Zn-CDF, Fe/Zn-CDF, and Mn-CDF groups. However, it also revealed that MTPs from land plants clearly form seven different subgroups within the clades (Gustin et al., 2011) . Members of each of the seven groups are present in cucumber; the proteins that form Zn-CDF transporters cluster in group G1 (CsMTP1, CsMTP4), group G5 (MTP5), and group G12 (MTP12); hence the Zn-CDF cluster has been divided into three smaller clusters. The proteins of the Mn-CDF cluster have also been further divided into two different phylogenetic groups: group G8 (CsMTP8) and group G9 (CsMTP9 and CsMTP11) (Gustin et al., 2011) . The last proteins, CsMTP6 and CsMTP7, have been assigned to the Fe/Zn cluster as the representatives of separate groups G6 (MTP6) and G7 (MTP7) Gustin et al., 2011) (Fig. 1) . Following this classification and nomenclature of plant MTPs, only two genes encode proteins of group G1 in cucumber. The first gene generated from the contigs ACHR01007740 and ACHR01031515 (line 9330) and ACYN01001940 (line B10) encode the protein that is most closely related to MTP1s, whereas the second gene identified within the contigs ACHR01007875 and ACHR01049518 (line 9330) and ACYN01002902 (line B10) encodes the protein most closely related to MTP4-like transporters (Tables 1,  2) . Similarly, the number of genes encoding group G9 of the Mn-CDF subgroup is reduced in cucumber when compared with A. thaliana: only three putative homologues of MTP8, MTP11, and MTP9/10 genes have been found in each of the two cucumber genomes (Tables 1, 2 ). The number of MTPs also varies in other plant species, as shown for the monocots O. sativa (10), B. distachyon (10), S. bicolor (9), and Z. mays (7), and the eudicots P. trichocarpa (21) and V. vinifera (13) (Supplementary Table S1 at JXB online). The poplar family is particularly large since it contains approximately twice the number of genes encoding MTPs found in other species (Supplementary Table S1 ). It has already been suggested that the genome of P. trichocarpa is evolving at a 6-fold slower rate than the A. thaliana genome and thus has a slower rate of loss of duplicated genes (Tuskan et al., 2006) . Consequently, the poplar MTP paralogues of groups G1, G8, and G9 might still be highly redundant (Gustin et al., 2011) . It is generally assumed that the recent duplication or gene losses could have led to such a complex distribution pattern of CDF isoforms in plants as well as in other living organisms Gustin et al., 2011) . Interestingly, two copies of the MTP1 gene and two copies of the MTP4 gene were found only in the genome of Chinese long line (Table 1) . Multiple copies of the MTP1 gene have been reported so far only in plant heavy metal hyperaccumulators. Five MTP1 paralogues were found to be present in A. halleri, AhMTP1-A1, -A2, -B, -C, and -D, and at least three paralogues encode MTP1 in T. goesingense (Kim et al., 2004; Shahzad et al., 2010) . The increase and maintenance of a number of copies of genes encoding MTP1 in both hyperaccumulators probably contributed to the increased adaptation of both plants to elevated Zn (A. halleri) or Zn and Ni concentration (T. goesingense) in the environment. Cucumber is a crop widely cultivated in regions of highly divergent climate and soil conditions, ranging from the northern areas of the temperate climate zone to subtropical and tropical habitats. Such diverse environmental conditions required various adaptive mechanisms which are reflected in polymorphisms within the 367 Mbp cucumber genome (Arumuganathan and Earle, 1991) . The different copy number of MTP1 and MTP4 genes in the two cucumber lines North-European Borszczagowski and Chinese long most probably results from the exposure of both cultivars to different environmental conditions and pressure. In addition, the molecular analysis of MTP families in both cucumber genomes revealed very slight changes in the nucleotide composition and the length of CsMTP7, CsMTP11, and CsMTP12 cDNAs (Tables 1, 2) . Similar differences between the same genes in differentially grown varieties of some plant species were also reported. A survey of 15 A. thaliana ecotypes revealed that the gene encoding heavy metal ATPase 3 (AtHMA3) is present as a 1626 bp long pseudogene in Columbia, Limeport, and Hau-O ecotypes, and as a functional full-length gene (2283 bp) increasing Cd tolerance in the remaining ecotypes (Morel et al., 2009) .
Similar to G1, group G9 is represented by two proteins in cucumber, whereas the remaining groups G5, G6, G7, G8, and G12 contain single CsMTPs. Beside cucumber and Arabidopsis, other plants used for the phylogenetic analysis possess 2-4 proteins homologous to MTP8-like Table S1 at JXB online). Nevertheless, not all the MTP8 paralogues may be functional genes, for example PtMTP8.4, which is present in a poplar genome in a significantly truncated form lacking the crucial functional domains (Gustin et al., 2011) . Similarly, the number of members of G9 is different in different plants ( Fig. 1 ; Supplementary Table S1 ). In cucumber, this group is represented by the proteins designated as CsMTP9 and CsMTP11, based on the phylogenetic analysis, whereas other plants, except monocots, possess additional MTP10-like protein ( Fig. 1; Supplementary Table S1 ). Moreover, MTP11 is encoded by two paralogous genes in all the analysed plants except Arabidopsis and cucumber ( Fig. 1 ; Supplementary  Table S1 ). It has already been suggested that the expansion of genes of groups G8 and G9 was related to the primary radiation of plants onto land and had a significant role for Mn homeostasis in plants (Gustin et al., 2011) .
Functional characterization of cucumber protein MTP8
Based on the current phylogenetic and functional analyses of MTPs in plants, the metal specificity of newly identified cucumber MTPs can be deduced from their classification into one of the three groups: Zn-CDF, Zn/Fe-CDF, or Mn-CDF. According to that, the function of proteins of groups G1, G5, and G12 should be related to zinc transport, the proteins from groups G6 and G7 can participate in zinc and iron translocation, whereas members of G8 and G9 could be engaged in cellular Mn homeostasis Gustin et al., 2011) . Since only the functional characterization of novel plant MTPs can confirm this hypothesis, a detailed functional and biochemical study of cucumber protein CsMTP8 homologous to the confirmed Mn transporters from rice (OsMTP8.1) and S. hamata (ShMTP8) was performed in order to elucidate whether the MTP8-like proteins in other plants are also highly specific Mn transporters. Both S. hamata and rice are able to grow in environments with very high Mn availability, since they evolved some molecular adaptations to toxic Mn (de Carvalho et al., 1980; Delhaize et al., 2003; Chen et al., 2013) . It has been shown that MTP8s in both plants are engaged in the increased accumulation of Mn within vacuoles of the shoots (rice) and roots (S. hamata) (Delhaize et al., 2003; Chen et al., 2013 (Fig. 2) . These consensus residues designated as DxxxD (x=any amino acid) are also present in the functionally characterized Mn transporters OsMTP8.1, AtMTP11, and ShMTP8 (Delhaize et al., 2003 (Delhaize et al., , 2007 Chen et al., 2013) , strongly suggesting the role of CsMTP8 in Mn transport. Indeed, the heterologous expression of CsMTP8 in S. cerevisiae resulted in enhanced tolerance to Mn, but not to other heavy metals (Fig. 3A) . Subsequent tonoplast localization of cucumber protein in yeast (Fig. 4) suggested that CsMTP8 is involved in vacuolar sequestration of Mn excess within yeast cells. Indeed, the yeast expressing cucumber protein accumulated more Mn inside the cells and isolated tonoplast membranes ( Figs 3C, 5) . The H + -coupled Mn transport across the tonoplast was detected only in membranes isolated from yeast expressing CsMTP8 (Fig. 5) , confirming that the protein encoded by this gene acts as a H + /Mn 2+ antiporter with high specificity for Mn. Since CsMTP8 localizes to the tonoplast of Arabidopsis cells (Fig. 6 ) and confers increased tolerance of A. thaliana plants to Mn excess (Fig. 8) , it may be concluded that cucumber protein also contributes to the vacuolar Mn sequestration in plants. The homologous proteins from the Mn-CDF group in plants which have been characterized to date also localize to the tonoplast (ShMTP8 and OsMTP8.1) or the pre-vacuolar compartment and/or transGolgi (AtMTP11, PtMTP11.1, and PtMTP11.2), and confer the increased tolerance of yeast and plants to elevated Mn (Delhaize et al., 2003 (Delhaize et al., , 2007 Peiter et al., 2007; Chen et al., 2013) . Using yeast mutants defective in vacuolar acidification, Delhaize et al. (2003) provided the first indirect evidence that ShMTP8 transports Mn 2+ . Using isolated yeast membrane vesicles, the authors recently confirmed that both ShMTP8 and AtMTP11 transport Mn 2+ and function as proton antiporters (Delhaize et al., 2007) . Based on the current data, it may be suggested that MTP8-like proteins act as Mn 2+ /H + antiporters specifically engaged in the vacuolar sequestration of Mn excess. In fact, most of the CDF proteins characterized to date function as proton antiporters. The yeast S. cerevisiae CDF transporter Zrc1 accumulates Zn 2+ within vacuoles in a way dependent on the transmembrane proton gradient generated by tonoplast V-ATPase (MacDiarmid et al., 2002) . Studies on ZitB from Escherichia coli also revealed that this bacterial CDF protein transports Cd 2+ in a proton-dependent manner (Guffanti et al., 2002) . The H + -coupled mechanism of Zn 2+ transport through ZitB and Fie (another CDF protein from E. coli) was also supported in experiments using everted membrane vesicles (EMVs) overexpressing bacterial proteins. Zn 2+ accumulated in these vesicles only in the presence of NADH, ATP having no effect (Anton et al., 2004; Grass et al., 2005) .
There is also increasing evidence that the members of the CDF family function as dimers or oligomers. FieF from E. coli was detected as a 68 kDa protein, twice the predicted mass of the fieF gene product, suggesting that this transporter is present in a homodimeric form in bacterial cells (Wei et al., 2004) . The formation of dimeric and oligomeric forms was also shown for plant CDFs. The high level expression of TgMTP1b::HA in yeast gave rise to multiple size variants of TgMTP1b::HA, consistent with the presence of monomer, dimer, and trimer protein complexes (Kim et al., 2004) . Similar complexes have also been observed for the Zn 2+ -transporting plant CDFs PtdMTP from the Populus trichocarpa×P. deltoids poplar hybrid and AtMTP1 from A. thaliana when expressed in a high copy number in S. cerevisiae and E. coli, respectively (Bloss et al., 2002; Blaudez et al., 2003) , and for Mn 2+ -transporting OsMTP8.1, when studied in rice (Chen et al., 2013) . The lower expression of CsMTP8 from the single-copy vector pUG36 produced only a doublet band of the size predicted for a GFP-CsMTP8 monomer, whereas the high level expression of cucumber protein from the pYES-DEST52 vector gave rise to two size variants consistent with the presence of monomer and dimer protein complexes (Fig. 4C, D) . Similarly, only one dimeric form of TgMTP1b::HA, was present in yeast with a lower level expression of TgMTP1b::HA (Kim et al., 2004) , suggesting that homodimers might be the main functional forms of MTP proteins.
Though the mechanism of metal transport through CDF proteins seems to be partially elucidated, the kinetics of this process are largely unknown and the data already obtained are confusing . Studies on proteoliposomes indicated the K m for ZitB-mediated Zn 2+ transport to be 105 μM (Chao and Fu, 2004) , whereas the experiments using everted membranes suggested this K m value to be ~1 μM (Anton et al., 2004) . As yet there are no data indicating the K m value for MTP-mediated Mn transport. Using the tonoplast vesicles isolated from yeast expressing CsMTP8, the H + / Mn 2+ antiport was measured in two different assays and the obtained data indicate a K m close to ~2.5 ± 0.6 μM for this process (Fig. 5D ). Since it is assumed that the concentration of free heavy metal ions within the cells is in the femtomolar range (Outten and O'Halloran, 2001; McCranor et al., 2014) , this high K m value suggests that CsMTP8 functions in conditions of Mn stress, when the level of cellular Mn is markedly increased. This is consistent with the expression data showing that the level of CsMTP8 transcript in cucumber roots is significantly increased upon Mn excess (Fig. 7B) . However, the techniques used here to study Mn transport do not faithfully reproduce the physiological conditions of the cellular environment under which the protein may function in a different mode. Interestingly, taking into account the range of K m values, the present results are similar to the data obtained in experiments with everted membranes isolated from bacterial cells, suggesting that the information on CDF-mediated transport obtained using similar experimental procedures could be compared. To the best of the authors' knowledge, the results of this work are the first indication of the kinetics of Mn transport mediated by MTP8-like protein in plants.
Altogether, the obtained data suggest that cucumber MTP8 is a functional homologue of MTP8s from S. hamata and rice. However, the expression of CsMTP8 was highly specific for cucumber roots and was stimulated under Mn excess (Fig. 7) , whereas the OsMTP8.1 transcript was the most abundant in the shoots of rice and was slightly affected by elevated Mn (Chen et al., 2013) . In contrast, the homologous protein in S. hamata localized predominantly in the tonoplast of endodermal and trichomal cells, which are usually involved in heavy metal accumulation (Delhaize et al., 2003) . It seems that cucumber protein CsMTP8 and ShMTP8 may be functional homologues engaged in Mn sequestration in roots under Mn stress, whereas OsMTP8 participates in Mn homeostasis in shoots.
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